This paper summarizes the deliberations of a work group charged with addressing specific questions relevant to risk estimation in developmental neurotoxicology. We focused on eight questions. a) Does it make sense to think about discrete windows of vulnerability in the development of the nervous system? If it does, which time periods are of greatest importance? b) Are there cascades of developmental disorders in the nervous system? For example, are there critical points that determine the course of development that can lead to differences in vulnerabilities at later times? c) Can information on critical windows suggest the most susceptible subgroups of children (i.e., age groups, socioeconomic status, geographic areas, race, etc.)? d) What are the gaps in existing data for the nervous system or end points of exposure to it? e) What are the best ways to examine exposure-response relationships and estimate exposures in vulnerable life stages? f) What other exposures that affect development at certain ages may interact with exposures of concern? g) How well do laboratory animal data predict human response? h) How can all of this information be used to improve risk assessment and public health (risk management)? In addressing these questions, we provide a brief overview of brain development from conception through adolescence and emphasize vulnerability to toxic insult throughout this period. Methodological issues focus on major variables that influence exposure or its detection through disruptions of behavior, neuroanatomy, or neurochemical end points. Supportive evidence from studies of major neurotoxicants is provided. Key words: abnormal neurological development, behavioral teratology, behavioral testing methodology, delayed neurotoxicity, developmental disorders, developmental neurotoxicology, environmental health, neurobiological substrates of function, neuronal plasticity. -Environ Health Perspect 1 08(suppl 3): 535-544 (2000). http.//ehpnetl.niehs.nih.gov/docs/2000/suppl-3/535-544adams/abstract.html
To address critical windows of exposure that impact neurological function, it is important to recognize the importance of multiple factors. It is necessary to understand that these windows of exposure are influenced by the mechanism of action of the agent, the target tissue dose of the agent, the developmental time table of the target tissue, the end point (outcome) of interest, and the age and manner in which that outcome is evaluated [Wilson (1) provides an introduction to these now well-established principles]. Different functions are mediated by different neural substrates, and the timing of developmental events varies with neural substrate.
Thus, vulnerability associated with specific time periods of exposure varies with the agent of exposure and the end point of interest. It is also important to recognize the protracted period of development of the nervous system. The architecture and physiology of the brain develop throughout gestation and continue postnatally through adolescent development. Insult at any point during this period may result in aberrant neural structure or function.
Specific aberrant outcomes have been associated with particular windows of vulnerability to specific agents: these developmental windows begin before the formation of the neural plate and end with pubertal neuromaturation. Most neurally active agents appear able to disrupt development at multiple time points across this broad protracted period. Depending on the timing of exposure, the end points affected may also vary. For a single end point, however, there is often a period of greatest vulnerability as defined by the production of the outcome at a lower level of exposure to the agent. The outcome itself may be expressed only after (or perhaps at) a particular developmental stage and may be revealed only under certain conditions of measurement. Natural conditions such as aging or experimental conditions such as social, pharmacological, or other environmental challenges may be necessary to reveal the deficit.
Inherent in the brain's protracted period of development, however, is also the phenomenon of neuroplasticity and the nervous system's consequent potential for compensation after insult. Although it is important to understand the role that compensatory mechanisms may play in the manifestation of the effects of developmental exposures, our view is that the detection of adverse outcomes at any age is a primary goal of screening and risk assessment, and transient as well as permanent adverse effects need to be guarded against. For this reason, we view an examination of neuroplasticity as beyond the scope of this review.
The protracted period of development and the protracted period over which outcomes must be measured to adequately assess dysfunction of the nervous system complicate the establishment of causal relationships in epidemiological studies of developmental toxicity. Certain aberrations in development are directly caused by exposure-based events (e.g., abnormalities in the development of the hypothalamic-pituitary axis), whereas others may represent downstream consequences of exposure (e.g., reduced body weight, increased vulnerability to birth trauma, altered responses to stress, and decrements in learning and memory). It is important to distinguish between primary developmental aberrations caused by toxic exposure and downstream effects. It is also important to recognize that although there are numerous outcomes of developmental neurotoxicity, their expression (and measurement) is limited to a finite set of readily observable outcomes. Such abnormalities may include specific aberrations resulting from diverse events, potentially emerging at different times. Just as different mechanisms may lead to grossly similar anatomical expression (e.g., gross examination may not distinguish missing tissue due to agenesis vs. overactive apoptosis), different mechanisms and primary neural abnormalities may lead to similar behavioral manifestations (e.g., neurochemical dysfunction due to altered neurotransmitter production or to altered receptor dynamics may similarly alter behavior). Functional alterations serve as apical tests of underlying primary neuroanatomical, neurophysiological, and/or neurochemical abnormalities resulting from exposure.
The ease of detecting the primary underlying abnormalities varies with the resolution of the technology. As a result, behavioral disruptions may sometimes be detected in animals or in children whose neuropathology remains unidentified by standard means. The failure to consistently identify neuroanatomical abnormalities in animals with behavioral dysfunction has led to some investigators' conceptualizations of robust behavioral effects subtle. Although the extent to which such effects may defy detection has merited their being labeled subtle, the term should not be used to imply milder. Ambiguity is often present in the interpretation of certain so-called subtle behavioral effects as potentially mild when seen in rodents; the ambiguity is easily resolved in human manifestations. For example, identification of gross neuropathology has not been consistently possible in studies of mentally retarded children (2); however, mental retardation would not be considered a mild effect when produced by a toxic exposure. Unfortunately, however, the connotation of the "subtle" terminology has, in part, led some to misinterpret the model of severity of outcome, where frank malformation is at one end of a continuum and behavioral dysfunction at the other. This has sometimes led to the incorrect conceptualization of detectable anatomical changes in any organ system as being more severe outcomes of exposure than behavioral impairments, when dysfunction was not accompanied by gross pathology of the brain.
For many compounds (ethanol, retinoic acids, and valproic acid), the nature of the dose-response relationships suggests that higher doses are associated with outcomes such as major malformations, whereas lower doses produce behavioral change in the absence of grossly detectable neuropathology. However, many (perhaps most) environmental developmental toxicants that influence behavioral, hormonal, or growth outcomes do so in the absence of malformation induction at higher doses where maternal toxicity and/or fetal death may occur [e.g., lead, mercury, polychlorinated biphenyls (PCBs), amphetamine, and cocaine]. Thus, in the context of screening, behavioral alteration may sometimes be the only marker for risk assessment. Research has clearly linked behavioral dysfunction with ultrastructural or molecular abnormalities in brain development; however, these end points are not part of current screening approaches.
In this paper, we interweave empirical evidence for our opening perspective with our responses to the eight specific questions provided as workshop directives. 1) Does it make sense to think about discrete windows of vulnerability in The first question considered at the workshop was as follows: Does it make sense to think about discrete windows of vulnerability in the development of the nervous system? If it does, which time periods are of greatest importance? Empirical evidence substantiates multiple periods of vulnerability to toxic insult in the developing nervous system spanning from early gestation to adolescence in humans and experimental animal models (3) (4) (5) . Toxic insults during this protracted period can result in diverse outcomes ranging from structural abnormalities emergent during early embryogenesis that may be incompatible with pre-or postnatal survival, to ultrastructural or molecular abnormalities potentially emergent at any developmental point and associated with functional deficits. Wilson (1) originally described the manifestations of abnormal development as represented by four main categories: death, malformation, growth retardation, and functional deficit. He also put forth as a princi- (19, 20) . Because most regulatory approaches to screening have incorporated relatively long exposure windows, assessing a multitude of potentially vulnerable systems is paramount. In the context of windows of vulnerability, we must always recognize that the window of greatest vulnerability may vary with the end point under examination. If the relevant end point is not examined, the effects will not be detected. Likewise, if the relevant end point is inadequately assessed, effects may not be evident.
Use of the battery approach in the last decade has reinforced the need to assess the categories of functioning but has challenged the value of or suggested more valuable measures within each category. Also, routine incorporation of other methods in research studies has demonstrated the value of examining other end points.
Distinctive Neural Systems Have
Different Periods ofVulnerability Different areas of the brain mediate different types of information processing and are related to different kinds of neural function. Whereas all neural processing involves multiple neural centers and major pathways connecting specific structures, it is heuristic to recognize certain critical sites. Rice and Barone (18) discuss the following areas in their background paper: prefrontal structures for working memory and executive functions; medial temporal lobe structures for certain aspects of learning and memory; and brainstem structures for regulation of arousal, sleep-wake cycles, and multiple autonomic nervous system functions. Each area has its own protracted period during which neurogenesis, migration, specification, elaboration of neurons, apoptosis, and internal synaptic connectivity as well as establishment of input/output circuits take place. The background paper by Rice and Barone (18) and a review by Holson (21) provide information on specific time periods for different brain areas. Jensen and Catalano (22) provide an overview of nervous system morphogenesis; their overview is a primary source for this limited extraction. In light of brain area and circuit-dependent differences in the timing of developmental events, it is not surprising that behaviors mediated by different brain systems would be disrupted by insults at different times during development. It is also not surprising that disruption of some embryonic developmental events results in gross malformations as a consequence, whereas more commonly, developmental insults result in cytoarchitectural or molecular alterations. Therefore, the particular agent and end point under investigation will determine the temporal window identified as most vulnerable to insult.
Neural Vulnerability Spans from Early in Gestation through Adolescence A series of developmental events appear to define periods of greatest vulnerability to insult. These developmental events occur at different times for different neural structures and circuits. Thus, there is no simple categorization of morphogenesis of the central nervous system into discrete temporal nonoverlapping categories. Therefore, our discussion of vulnerable windows is kept very broad, instead emphasizing the protracted, interactive, and temporally overlapping nature of stages and major morphogenetic events. Our discussion incorporates the embryonic, fetal, and early postnatal periods of brain development, then focuses on adolescent brain development. We provide supportive evidence for disruption of different processes and events for selected agents.
Vulnerability before induction of the neural plate through neural tube closure andformation of the rhombencephalon. The period in human pregnancy that occurs before the induction of the neural plate is before day 18 postconception. In the rat, this period is before day 9. Toxic disruption of developmental events prior to neural induction has been demonstrated after early exposures to diabetic conditions, retinoic acid, methylnitrosourea, and clomiphene [reviewed by Bennett and Finnell (23) ]. Such exposures resulted in an increased incidence of neural tube defects and certain other malformations despite exposure before neurulation.
Better understood, however, are the effects of toxic agents during the neurulation process itself (human: approximately days 18-28, rat: approximately days 9-12) primarily in regard to insults that result in death or neural tube defects qualifying as major malformations (6, 22, 23) . Such malformations include anencephaly, spina bifida, encephaloceles, and myelomeningoceles. Classic teratogens include retinoic acid, arsenic, and valproic acid as well as hyperthermia [retinoic acid was reviewed by Adams (6) and Adams and Holson (7); other agents were reviewed by Bennett and Finnell (23)]. These agents appear to evoke diverse mechanisms that result in neural tube defects as a final common, categorically similar outcome.
Abnormalities other than the classic malformations can also result from exposures before and around neural tube closure, around the time of rhombomere formation (23, 24 (24, 25) . Effects on brainstem, cranial nerve nuclei, and cerebellar structures have also been shown after exposures to retinoic acids (7, (26) (27) (28) (29) (37) .
Lead. Lead is a good example of a developmental toxicant whereby under conditions of long-term, low-level exposure, behavioral disruption is the primary outcome. Bellinger and Dietrich (37), Dietrich et al. (38) , and Rice (39, 40) published excellent reviews on this subject. Exposures that are mostly postnatal and often restricted to infancy (substantiated in these reviews) as well as prenatal exposures (41) have been associated with the production of general intellectual deficits as well as deficits in specific sensory and cognitive abilities. The fetuses and children appear more susceptible to these effects than adults. Effects on gross brain structure have not been evident in studies directed at understanding underlying neuropathology associated with low-level lead exposure. Instead, the effects most consistently noted are those on synaptogenesis and dendritic arborization (42) (43) (44) (45) (46) , in vivo physiological examinations of synaptic plasticity (47) (48) (49) , and decrements in myelination (50, 51) . Changes in glutamate and y-aminobutyric acid synthesis and release (52, 53) and the glutamate N-methyl-Daspartate (NMDA) receptor levels and binding affinities have also been reported in association with low-level lead exposure (54) . Direct inhibitory actions of lead on NMDA receptors in the hippocampus have also been associated with and used to explain synaptic changes as well as cognitive impairments in lead-exposed rodents and children (54) . Thus, lead exposure can disrupt developmental events that begin prenatally but continue during early childhood, and can do so at multiple points during that interval.
Methyl mercury. Because of the poisoning at Minamata Bay, Japan, in the mid1950s, the results of high-as well as lower level exposures to methyl mercury have received a great deal of research attention. As was the case for lead, the fetus and child are more susceptible to methyl mercury toxicity than adults [reviewed by Chang et al. (55) and Burbacher et al. (56)]. Burbacher et al. (56) examined the comparative characteristics of methyl mercury exposure to developing humans, macaque monkeys, and rodents. They showed clear dose-response effects for behavioral as well as neuropathological end points that were quite consistent across species. Effects were examined across low (< 3 ppm), moderate (3-11 ppm), and high (12-20 ppm) doses defined by brain tissue content. Dose-related effects on behavioral outcomes were manifested as cognitive deficits or delayed development at low doses, cognitive and sensory electrophysiological effects at moderate doses, and severe sensory (blindness), cognitive, and motor (spasticity) abnormalities as well as seizures at high doses. Neuropathological effects in rodents exposed across these dose ranges included cellular loss and decreased brain size at low doses, decreased brain size, cortical and cerebellar defects, and reduced myelin at moderate doses, and these same effects plus effects on additional brain structures at high doses. More recent work has identified disruptions in neuronal proliferation and migration, dysmyelination, hypoplasia of the corpus callosum, and hydrocephalus in association with high doses; lower level exposures have been associated with migration and cytoarchitectural defects (57) . Mediation of toxic effects on neural development may involve alterations in cell adhesion molecules and cytoskeletal proteins (56) and neurotrophic factor signaling (58) (59) (60) .
Vulnerability during the adolescent period ofdevelopment. In addition to the dramatic neuroendocrine and physical changes associated with adolescence, from even the limited amount of literature available, it is clear that the brain of the adolescent also undergoes striking transformations. Several brain regions undergo prominent remodeling during adolescence across a variety of species. These regions include the prefrontal cortex and other forebrain regions to which mesolimbic dopaminergic terminals project. In addition to an adolescentassociated decline in the volume of the prefrontal cortex [humans (61); rats (62)], there is also substantial synapse elimination of presumed glutaminergic excitatory input in motor cortex (63) while dopaminergic input to the prefrontal cortex increases during adolescence to reach levels higher than that seen earlier or later in life [reviewed by Lewis (64) ]. Estimates of basal synthesis and turnover of dopamine decline in prefrontal cortex during adolescence in rats, which contrasts with the increase in these measures reported in the nucleus accumbens and striatal dopamine terminal regions of adolescent rats (65, 66 (18) . These issues have been recognized for years and now cumulative evidence demands increased attention to the age of assessment. The research issue to be resolved is whether testing in screening studies of young adult experimental animals alone is adequate to identify long-term consequences of developmental perturbations. We focus only on the issue of improved detectability under challenging conditions. There are five approaches that could reveal the subclinical long-term effects of developmental exposure, whereby detectability is revealed through a) aging-related functional or morphological loss, b) pharmacological challenge to the integrity of a particular neurochemical system, c) response to environmental stressors, d) increased task complexity, or e) histological examination of the brain that includes quantitative assessments at different life stages. Long-term consequences of chemical exposure during development could be examined in an adjunct way in screening studies evaluating exposure over the lifetime in multigeneration-reproductive screening studies.
Methyl mercury was the first compound to draw considerable attention to the phenomenon of developmental exposures manifesting effects revealed with aging (18, 74, 75) . Animal and human studies have identified motor and sensory deficits with increasing age that were not seen at earlier time points after the cessation of exposure as well as a worsening of conditions with age. By way of comparison to another agent, rats exposed to triethyltin during early postnatal development demonstrated decrements in cognitive performance at 24 months of age that were not seen at 3 months of age and at 1 year of age (76) .
Pharmacological challenges have been widely used in animal studies to examine functioning in specific neurochemical systems [reviewed by Meyer (11) ]. Such challenges serve as probes to evaluate the integrity of particular systems that are pharmacological targets of the developmental toxicant under study or that influence behaviors under study. Generally, agonists, antagonists, or agents that up-regulate or down-regulate the transmitter system are used. Historically, drug challenge studies have been commonly used to examine changes in activity, body temperature, tremor, forepaw treading, head weaving, or threshold for catalepsy. These studies by inference reflect changes in neural connectivity and neurotransmission.
Increased sensitivity to various environmental stressors has also been seen in animals exposed to developmental toxicants. For example, the review by Spear et al. (77) showed that rats prenatally exposed to cocaine have increased sensitivity to stressors such as early manipulation, social competition, and immobilization.
Animal models of multiple human mental retardation disorders have demonstrated the difficulty of most assessments of learning in rats in capturing expected deficits, in part because of the simplicity of routinely used measures of learning and memory in rodents. Task complexity unmasks various learning deficits (78, 79) . Cumulative learning tasks that require transfer of training experience appear particularly useful in revealing learning deficits. This has been demonstrated in multiple studies using operant schedules of increasing complexity to examine deficits in animals [reviewed by Rice and Barone (18) and Paule et al. (80) Neurobehavioral characteristics of children are influenced by parental socioeconomic status, parental age, educational background, and ethnicity. These important variables must be controlled through experimental design or statistical procedures whenever neurobehavioral outcomes are examined. Further, infant characteristics such as sex, small-for-gestational-age status at birth, and the presence of birth complications increase the risk for compromised motor or intellectual development. This presents a dilemma for associating early exposures with adverse neurobehavioral effects, particularly when the exposure reduces birth weight, increases prematurity, and/or complicates the birth process in other ways. At the screening level, we deem it fully acceptable for the entire cascade of events to be viewed as increased because of exposure and therefore believe that it represents effects that we would wish to avoid for any environmental agent. However, it may also be important to determine if the full cascade of effects is prototypical in incidence and generic to any child born with comparably reduced birth weight, comparable prematurity, or a comparable experience of another birth complication. This determination can be answered only through studies with appropriate contrast groups as well as control groups.
Gaps in Existing Data
Previous discussion has emphasized the need for a) screening-level assessment of cytoarchitectural aspects of neuroanatomy and molecular aspects of function, b) expanded knowledge of preembryonic exposure effects, nonmalformation outcomes after embryonic exposure, as well as effects consequent to exposures during adolescence, and c) development, validation, and incorporation of more sensitive methods to assess learning and memory within a screening context.
The issue of hazard characterization of anatomical effects after developmental exposure continues to be a problem of where and when to look for alterations. Histological examination using both qualitative and quantitative examination during development and into adulthood can reveal adverse effects after developmental exposure during different critical periods (58, 76, 86) . Currently, screening approaches, including examination of representative structures of the brain that develop both prenatally and postnatally, are required under the U.S. EPA testing guidelines for developmental neurotoxicity (14) . This guideline was designed in the late 1980s with apical measures in mind. As more data become available using this guideline and newer methods are developed, this guideline for screening chemicals for developmental neurotoxicity could and should evolve. A number of practical considerations and scientific issues will probably influence the development of newer testing strategies. First, as an example of the practical issues, there are a large number of high production/volume chemicals (approximately 3,000) that have not been examined at all for developmental neurotoxicity (87, 88) . This issue, among others, suggests that alternative means of testing and/or prioritization of testing may need to be used. The Endocrine Disruptor Screening and Testing Advisory Committee is an example of this approach based on the development and evaluation of a battery of in vitro and in vivo tests with a scientifically sound mechanistic basis. Currently, a number of in vitro tests are available for testing different processes critical to development of the nervous system such as proliferation, differentiation, and apoptosis; however, little coordination of resources has been devoted to the validation and application of such tests as adjuncts to a developmental neurotoxicity screening battery for testing chemical hazards. In addition to hazard identification and preliminary screening, these tests could serve to provide some mechanistic underpinning for how a chemical or class of chemicals affects development of the nervous system. Developmental neuroscience has provided a rapid expansion of information about the genetic and epigenetic control of developmental processes. residual environmental contamination and residues in human tissues is possible but problematic, it has been more problematic to associate exposures with narrow developmental time periods. Nevertheless, this may be necessary to optimally estimate risks that are highly stage dependent. When the environmental or occupational contamination is confined to a particular time period, studies could attempt to parse the exposed participants into groups differing according to biologically meaningful periods of exposure. Provided that adequate sample sizes could be used, selection of groups according to ongoing developmental events at the time of exposure might improve the ability to address exposure-response events. In other words, detectability might be optimized under conditions where the biological plausibility of the cause-effect relationship under study is maximized by narrowing the window of exposure to the most vulnerable stage of development. When groups include participants exposed outside of the period of greatest vulnerability for disruption of the end point of interest, the presence of these added participants could dilute the ability to detect the effect. Thus, a trade-off between sample size and sensitivity of the design is always present and must be carefully considered. This (18, 100) . Further, behavioral dysfunctions tend to depend on similar neural substrates across species. Thus, the specific behavior disrupted in one species can be linked to alterations in particular neurobiological substrates that also mediate a similar category of behavior in humans (18, 21) .
Nevertheless, within the context of methods used in screening batteries, extrapolation appears strongest with regard to effects on sensory and motor functioning, and is somewhat less strong for cognitive or social functioning. We emphasized the need to further challenge the integrity of learning mechanisms through task complexity as a means of improving screening-level detection of deficits in learning and memory. Whereas models of social behaviors such as infant suckling, maternal-infant interactions, or reproductive behavior appear to produce concordant effects across species, more complex aspects of human social behavior have not been modeled in animal studies of developmental toxicity. Likewise, approaches to assessing animal behavioral end points that adequately screen for potential effects on emotional or mental health end points have not been broadly applied. As the neurobiological understanding of mental health disorders has expanded, it has become clear that altered brain development may predispose individuals to increased vulnerability to stress and mental health disorders (89, 90) .
More attention to this research issue is needed in both animal and human developmental toxicity studies.
Implications for Risk Assessment and Public Health
We emphasized certain shortcomings of current screening approaches and epidemiological studies, certain methodologies that appear to be more sensitive in identification of developmental neurotoxicity, and the need for improved understanding of toxicity during certain vulnerable periods or on certain end points. Some of our discussion can be translated into immediate actions, whereas other points emphasize longer term goals that demand more research and data before application. Explicitly, we suggest the following: * 
